Detailed high-resolution observations of the innermost regions of nearby galaxies have revealed the presence of supermassive black holes [1] [2] [3] [4] . These black holes may interact with their host galaxies by means of 'feedback' in the form of energy and material jets; this feedback affects the evolution of the host and gives rise to observed relations between the black hole and the host 5 . Here we report observations of the ultraviolet emissions of massive early-type galaxies. We derive an empirical relation for a critical black-hole mass (as a function of velocity dispersion) above which the outflows from these black holes suppress star formation in their hosts by heating and expelling all available cold gas. Supermassive black holes are negligible in mass compared to their hosts but nevertheless seem to play a critical role in the star formation history of galaxies.
Detailed high-resolution observations of the innermost regions of nearby galaxies have revealed the presence of supermassive black holes [1] [2] [3] [4] . These black holes may interact with their host galaxies by means of 'feedback' in the form of energy and material jets; this feedback affects the evolution of the host and gives rise to observed relations between the black hole and the host 5 . Here we report observations of the ultraviolet emissions of massive early-type galaxies. We derive an empirical relation for a critical black-hole mass (as a function of velocity dispersion) above which the outflows from these black holes suppress star formation in their hosts by heating and expelling all available cold gas. Supermassive black holes are negligible in mass compared to their hosts but nevertheless seem to play a critical role in the star formation history of galaxies.
The near-ultraviolet (NUV) detector of the Galaxy Evolution Explorer satellite GALEX 6 covers a range in wavelength between 1,771 and 2,831 Å , and is extremely sensitive to young stellar populations. With it, we can detect small mass fractions (1-3%) of young stars formed within the last billion years 7, 8 . This high sensitivity allows us to trace ongoing residual star formation in present day early-type galaxies (ETGs). We select a volume-limited sample of visually inspected ETGs from the Sloan Digital Sky Survey 9 that have been observed by GALEX. We remove active galactic nucleus (AGN) candidates from our sample to avoid confusion between the observed ultraviolet emissions from the AGN and from young stars 10 . We use NUV2r colour as a probe of small amounts of recent star formation (RSF), and find that the fraction of ETGs that show signs of RSF is strongly correlated with the stellar velocity dispersion j (hereafter 'RSF-j relation'), but not with the luminosity of the galaxy (see Fig. 1 ). The correlation with j cannot be explained by a systematic trend of j with internal extinction, because such a trend would be exactly opposite 11 to that observed. We use a semi-analytic model of galaxy evolution in the LCDM paradigm to interpret these results [12] [13] [14] (for model details see Supplementary Information). Our simulation includes all the systematic processes that affect galaxy evolution, and takes into account the different merger and star formation histories of galaxies 15 . When we run this simulation and investigate the predicted amount of recent star formation in low redshift ETGs, we find that all galaxies underwent enough star formation within the last billion years to be detected by the extremely sensitive GALEX NUV detector. Massive galaxies continued to gain cold gas as fuel for star formation from mergers with satellites and through the cooling of hot gas present in those galaxies.
This overproduction of stars in massive galaxies is a known problem in models of galaxy evolution. In order to prevent star formation, a shutdown mechanism is required: cold gas must be heated up and expelled to prevent it from turning into stars. Feedback from supernovae was once a prime suspect, but it turned out to be too low to be effective in massive galaxies that have deep potential wells 16 . All the systematics implicit in the LCDM paradigm, including feedback from supernovae, have already been included in our simulation, so we turn to feedback from AGN powered by supermassive Figure 1 | The relationship between stellar velocity dispersion, luminosity and the fraction of star-forming early-type galaxies. a, b, The observed ultraviolet colour-j (a) and colour-M r (b) relations. NUV, apparent magnitude in the near ultraviolet; r, apparent magnitude in the band between 5,500 and 7,000 Å ; j, stellar velocity dispersion; M r , absolute magnitude. The observational errors show 1j. In a, the fraction of blue early-type galaxies declines sharply as a function of j. c, d, The derived fractions of RSF (recent star formation) galaxies as a function of j (c) and M r (d). In red, we show the observed fractions, which include those early-type galaxies so faint in the ultraviolet that they are not detected by the GALEX NUV detector. The blue points are the fractions of those galaxies in the model that correspond to having had between 1 and 3% of stellar mass growth within the last 1 billion years. Error bars show Poisson errors. The vertical dotted lines delineate the equal-number j bins.
black holes as the remaining most likely mechanism sufficiently powerful to shut down star formation in massive galaxies to reproduce the results of our observations [17] [18] [19] . Energetic outflows caused by gas falling onto the supermassive black holes thought to reside at the centres of galaxies can selfregulate the growth of the black hole and the star formation in the galaxy by heating the available gas and blowing it out 5 . Numerical simulations have shown that the energy input from a black hole in such an AGN phase is capable of doing this 20 . As supernova feedback is incapable of producing the quiescent galaxies we observe with GALEX, we conclude that AGN feedback is the most likely process by which the available gas is heated and expelled in massive ETGs.
In addition to this, the nature of the observed correlation with j ( Fig. 1 ) allows us to infer more about the way in which AGN feedback regulates galaxy evolution. The masses of black holes correlate strongly with various properties of the host galaxies, and the relation thought to have the smallest intrinsic scatter is that between blackhole mass (M † ) and the velocity dispersion j as a proxy for the depth of the gravitational potential 1, 3, 4 . By considering the maximum strength of an AGN given in terms of the Eddington luminosity L Edd / M † and expressing the gravitational potential depth by the stellar velocity dispersion j, it is possible to derive a minimum blackhole mass for which the outflow is capable of depleting all gas from the potential 5 . According to our observations, massive ETGs that have large values of j are on average less likely to have undergone RSF compared to less massive ETGs: the 'RSF-j relation'. Thus, for a given velocity dispersion, we assume that there is a critical supermassive black hole mass, M †;c , above which the feedback powered by the black hole is sufficiently powerful to heat up and/or expel all gas in the host galaxy, thus preventing it from forming any stars, even at the 1% level.
The observed intrinsic scatter in the M † -j relation gives a range of black-hole masses for a given value of j. Hence, in order to reproduce the decreasing fraction of RSF ETGs with increasing j, the M †;c -j relation should be less steep than the M † -j relation itself. We can derive an empirical M †;c -j relation from our observed trend assuming a slope and scatter for the M † -j relation. The latter relation is usually expressed as a power law of the form M † ¼ a 0 ðj=200Þ a1 , so we also try to find such parameters a 0 and a 1 in the new M †;c -j relation that result in the observed 'RSF-j relation'. We generate black-hole masses for the galaxies in our sample by putting their velocity dispersions into the M † -j relation given in ref. 3 and perturbing the black-hole masses by the scatter of the relation; we do this ten times for each galaxy (Fig. 2a) . Then we vary a 0 and a 1 until we find the best match to the observed RSF-j relation. We find that with 95% confidence M †;c ¼ ð1:05 As we are studying a volume and magnitude-limited sample, the M †;c -j relation derived from the Monte Carlo simulation is only an approximation; we need to perform full simulations, which are complete in j as well as in absolute magnitude, to derive the actual M †;c -j relation.
We perform a more realistic simulation using our semi-analytic models of galaxy evolution in order to test the plausibility of the hypothesis of a critical black-hole mass controlling star formation via AGN feedback. This is a standard semi-analytic simulation in the LCDM paradigm that already includes various heating and cooling processes (for example, supernovae). Our model does indeed reproduce the observed trend, but only when AGN feedback is included, and the best agreement with the observations (Fig. 1) (Fig. 2b) , which is in good agreement with our initial guess. The agreement in the lowest j-bin is poorer than in the others owing to an increased scatter in our simulated Faber-Jackson relation relative to the observed one 21 . Based on this relation, we perform a Monte-Carlo simulation for our galaxies (small dots). We colour these simulated galaxies depending on whether they lie above or below the critical relation (dashed green line) in red (quiescent) and blue (RSF) that we derived by fitting the RSF fraction to the observed values (Fig. 1) . The vertical lines delineate the equal-number j bins of the data. Error bars are 1j. b, We show our semi-analytic galaxy models adopting M †;c / j 3:65 (dashed green line), in comparison to the empirical M † -j relation. Red and blue dots are the model galaxies that respectively did and did not have recent star formation in the last billion years.
The supermassive black holes grown in our simulation have an intrinsic scatter of a factor of 1.5 in mass and are in good agreement with the relation suggested in ref. 3 .
As our M †;c -j relation is less steep than the M † -j relation, we expect an increasing fraction of star-forming ETGs with decreasing velocity dispersion until eventually no AGN will be sufficiently powerful to shut down all star formation. The NUV2V (optical) and NUV2H (near-infrared) colour-magnitude relations for the early-type population of the Virgo cluster shows precisely this kind of trend: low luminosity-and therefore less massive-Virgo ETGs are increasingly bluer and eventually all lie below the RSF cut-off 22 . We use stellar models 23 to convert our RSF criterion to the NUV2V colours of the Virgo galaxies, and find that below j < 80 km s 21 all early-types are classified as RSF. Our simulations agree with this cut-off very well.
The possible implications of the M †;c -j relation for galaxy formation and the growth of black holes can be summarized by three main regions (Fig. 3) . The first is the low-j region, in which the majority of black holes are too small to be able to halt star formation in their host galaxies by feedback during their initial accretion phase. During this phase, black holes grow mainly by accreting gas at the Eddington rate and are only limited in their growth by the amount of available fuel. Star formation, on the other hand, is regulated by the energy output from supernovae into the interstellar medium and will be proportional to the surface density of the gas 24 . This region extends up to j < 80 km s 21 , as suggested earlier. The second region is the intermediate-j region, at 80 km s 21 , j , 240 km s 21 . Black holes are now becoming on average massive enough to be able to terminate star formation by their feedback and at the same time limit their available fuel. The mass growth of the black holes is still dominated by accretion, but mergers between black holes start playing an increasingly important role. Most host galaxies will be identified as AGN or quasars when observed during the accretion phase onto the black hole. We subdivide this region into two: at the lower end, a minority of galaxies will have critical black holes; the black holes still grow mostly via accretion. At the high end, most black holes are critical and so most of the mass growth now occurs via mergers. The boundary between these two is at the intersection between the M † -j and the critical relation, that is, at j < 165 km s 21 . The last region is the high-j region. For galaxies with j . 240 km s 21 , the vast majority of black holes are massive enough to halt all star formation and so star formation becomes virtually prohibited in such massive galaxies. Both the galaxy and the supermassive black holes now mainly grow via dry mergers 25 . Further observations of nearby galaxies hosting supermassive black holes in combination with star formation estimates will help to shed more light into the scenario we propose, and will place a strong test for the existence of 'a critical black-hole mass' in galaxies. Figure 3 | A schematic view of how the critical supermassive black hole mass-j relation regulates galaxy evolution. The black-hole masses and velocity dispersions of our simulated galaxies down to j < 50 km s
21
. The filled circles are early-type galaxies, while open circles are late-type galaxies. Red and blue symbols denote quiescent and RSF galaxies, respectively. We show the observed M † -j relation (solid line), together with the best semianalytic model critical relation (dashed). We indicate the various regimes by colour; see text for details. SMBH, supermassive black hole; AGN, active galactic nuclei.
